Haldane apparatus (2) . Basal pulse rate was determined by three 1-minute counts. Three determinations of blood pressure were made by the auscultatory method. At Fla. 1. Bicycle ergometer in position for arm exercise with subject lying supine. Spirometers for collection, measurement, and sampling of all air expired by the subject are also shown. When stair climbing was used as exercise, the ergometer was swung upward out of the way. the close of the third metabolism period, a sample of finger blood was withdrawn under oil for estimation of the acid-base equilibrium according to the micro method of Shock and Hastings (12) .
After the above basal observations were made, the subject exercised. Mter climbing the stairs at maximum speed, the subject lay down on a cot. Tubes from the mask, which had been securely attached to him before the running began, were connected to the recording spirometer ( Fig. 1 and (14) ). ~ A pneumatic cuff applied around the subject's ankle was inflated and a continuous, recording of heart rate was made on a paper polygraph (14) . Systolic and diastolic blood pressures were determined at 30 second intervals for the first 5 minutes, and at 1 minute intervals thereafter throughout the recovery period, s Samples of finger blood were withdrawn before the exercise began and at l, 2, 5, 10, 15, 30, 45, 60, and 90 minutes after the end of exercise for estimation of acid-base balance by the micro method (12) . Continuous collection of expired air was made, and carbon dioxide and oxygen content was determined for each 10 liter sample in the Haldane apparatus. Duplicate experiments were made on each of the twelve subjects.
Treatment of Data
Oxygen Consumption.--From the expired air volumes and the CO~-O2 analyses, respiratory volume, oxygen consumption, and carbon dioxide eliminations were computed for each period. In preparing charts, of which Fig. 2 is an example, all metabolism results were plotted with abscissae at the middle of the time interval over which the sample of expired air was collected. An initial a t t e m p t at expressing the rate of recovery of oxygen consumption can be made by determining the parameter b in the empirical fit, y = at b -t-c, where y is the oxygen consumption in cubic centimeters per minute per kilo at time t, c is the basal oxygen consumption, and a and b are constants. 4 This method has been
In the stair-climbing experiments it was found inexpedient to collect the small amount of air expired during the 15 to 20 seconds of exercise. When arm exercise was used, the subject breathed through the mask into one spirometer during the 3 minutes of exercise, but collection of expired air was begun in the other spirometer at the end of the exercise period.
3 The exact time at which the systolic and diastolic pressures were read was marked electrically on the paper polygraph. See (14) for a complete description of the apparatus.
4 That b measures this recovery rate at least for the range of values for which t' >> b 2 (i.e., the only range for which this fit pretends to apply) follows from certain elementary considerations: Letting y -c = z, we can easily show that previously used (Jenss and Shock (6)). blood pressures were also plotted with abscissae corresponding to the actual time at which the measurement was made, as shown by the mark on the polygraph record.
Blood Anatyses.--Cell volume, (V,), pH,, and total CO2 content were determined for each blood sample by the micro method of Shock and Hastings (12); Bicarbonate content of the serum (BHCO3), and carbon dioxide tension were calculated using a nomogram (5). Table II shows the blood data obtained in a sample experiment. (Columns 5, 6, 7, and 8 are calculated values.) Acid Base Balance of the Blood.--Average curves of displacement of acid-base balance of the blood: Since the blood samples in all experiments were drawn at the same time intervals, it was possible to calculate average values for all experiments using the same kind of exercise. Figs. 3 and 4 show the results of such calculations for stair climbing and arm exercise, respectively. In comparing the two figures it is evident that although the same number of kilogrammeters of work were done in the two cases, 5 the greater power developed in stair climbing produced greater changes in the acid-base equilibrium than did the corresponding arm exercise. For example, the maximum decrease in (BHCO3), averaged 12.1 mM per liter after stair climbing, while the decrease was only 9.1 m~t per liter after arm exercise. The curves show that after maximal exertion, pH, and (BHCO3), decrease, while the percentage of red cells (V,) increases. The maximum decrease in bicarbonate content and pH of the blood do not occur until 7 minutes after the end of the exercise, on the average. Individual differences in the time of maximum displacement are shown in columns 5 and 6 of Table I . It should be noted that by this time the respiratory volume and oxygen consumption are well on their way to recovery (see Fig. 2 ). For instance in the experiment illustrated, the oxygen consumption has fallen from 950 per cent above basal immediately after exercise to only 100 per cent above basal at 7 minutes after exercise, when maximum changes in (BHCO3), and pH8 are recorded. Previous observers (4, 7) have found a similar delay in the appearance of maximum displacement of pH. Whether this delayed appearance of fixed acid in the blood is due to delayed lactic acid formation (8) or to a relatively slow rate of diffusion of fixed acid from muscle to blood cannot be ascertained from the data now available (7, 8) .
Since neither values of blood-water concentration nor values of total blood and plasma volumes were made, it is impossible to analyze the increase in cell volume (Vc) into the effect of increased numbers of cells in circulation from blood depots and the effect of shifts in water from plasma to tissues. The fact that the maximum V, is not found until 4 to 7 minutes after cessation of exercise lends support to the view that shifts in water are important.
A decrease in pCO~ (average, 6 mm.) of arterial blood shows that alveolar respiration is more than adequate for the removal of carbon dioxide. These results also lend support to the view that in severe (anoxic) exercise the increased respiration is determined more by peripheral stimulation of the carotid and aortic mechanism through lowered pO2 than through an increase in pCO~ of the circulating blood (11 are shown in Fig. 5 . Similar paths after arm exercise are shown in Fig. 6 . These charts were plotted on triaxial coordinate paper as described by Shock and Hastings (13) . s Duplicate experiments for each subject are placed one above the other in each figure. Inspection of these charts shows that the path of acid-base displacement after exercise follows the same general direction as that found previously after the ingestion of acidifying agents such as ammonium chloride (13) . However, striking differences in the rate and extent of displacement are found when the present exercise experiments are compared with the results of oral administration of ammonium chloride (13): Much greater metabolic acidosis was produced by exercise than could be induced by the oral administration of ammonium chloride. Furthermore, recovery was much more rapid after exercise than after ammonium chloride ingestionY The path of recovery in all experiments was indicative of a period of "compensation," during which the pH tended to return to normal at a more rapid rate than did the bicarbonate content. This effect was produced in the organism by decreasing the pC02 with an increase in respiration.
Rate of Recovery of Bicarbonate Content of the Blood after Exercise.--In order
to arrive at a quantitative estimate of the rate at which the bicarbonate content of the blood returned to normal after exercise, the data for each experiment were used to determine the "constant of elimination" as described in a previous report (13) . Since with decreasing pH less base is bound by the proteins of the blood, the decrease in bicarbonate observed is less than the actual addition of fixed acid (15) . By utilizing the buffer value of whole blood and correcting all observed values of (BHCO3)b to pH 7.40, the true increase in fixed acid in the blood could be calculated. In making these calculations it was assumed that dB/dpH is 25 (10), where dB/dpH represents the change in millimoles of base, per liter of blood bound by blood buffers per unit change in pH between the pH limits of 7.2 and 7.6. 8 From the calculated values of (BHCO3)b at pH 7.4, the changes in (BHCO~)b were calculated (~[BHCO~]b of column 8, Table II ). From the plot of corrected changes in bicarbonate vs. time, we may obtain the time at which the maximum displacement of the acid-base balance was found (t~), and the maximum decrease in bicarbonate, (Cm), which was observed at that time.
s Constant pH lines run vertically (north and south); constant (BHCOs) lines run northwest and southeast; constant pC02 lines run northeast and southwest. BHCO8 and pCO2 scales are logarithmic, while the pH scale is arithmetic. The small interior hexagon represents the limits of normal variation in males (13) .
It should be noted that in the exercise charts, the time between measurements is indicated in minutes by the small figures. In the previous experiments (13) the time interval between points was ~ to 1 hour.
s Correction for changes in V~ was included in the formula for the value corrected to pH 7.4, V, 0.40, of BHCOa --pH (476 Ve + 8.2) (10).
.,~= ~.
These curves also furnish the data for an empirical analysis presented previously (13), Le. the fit of the equation, c = a~ kt, to the descending portion of the curve. In this equation c is the change in bicarbonate in m_~/liter, t is the time after the end of exercise in hours, k is the so called "elimination constant," and a the initial value of c when the fit is assumed to hold for the entire range; k was determined from the slope of a free hand line fitted to a plot of log (BHCO3)6 (at pH 7.4) against time in hours. An example is shown in Fig. 7 . It might here be remarked that the foregoing fit was for purely representative purposes, and was not intended to be a theoretical interpretation of the process. We shall show later, however, that this equation, previously regarded as an empirical fit, is in fact an approximation to a rigorously derived theoretical equation (9) .
Values of k calculated in the manner shown for all experiments are listed in Table I (columns 3 and 4) along with values for the oxygen recovery coefficient (b), the ~,9 and the C~. Results show values of k ranging from --0.3 to --0".2. Elimination constants previously reported for the oral administration of sodium bicarbonate and ammonium chloride ranged between --0.05 and --0.11. Thus it is shown that fixed acids liberated into the blood stream after exercise are 9 tm = time of maximum displacement of (BHCOs)o C, = maximum decrease in (BHCO,), in mM per liter.
removed from the blood at a rate 10 to 20 times greater than the HC1 produced from the oral administration of ammonium chloride. The greater rate of removal of acid produced by exercise may be interpreted as a reflection of the metabolism of lactate which may occur in other parts of the body--a removal mechanism which is not available for excess HCI.
SU'rMARY
The rate at which displacement and recovery of the acid-base equilibrium of the blood occur in young adult males subjected to short periods of maximal exertion has been determined.
Displacement of acid-base equilibrium produced by severe exercise is along the fixed acid path, similar to the path of displacement produced by ingestion of acidifying agents such as ammonium chloride.
Maximum displacement of the acid-base equilibrium is not reached until 7 to 10 minutes after the cessation of exercise. By this time over 50 per cent of the displacement in oxygen consumption, respiratory volume, and blood pressure have disappeared.
A much greater metabolic acidosis was produced by exercise than could be induced by the oral administration of ammonium chloride.
Recovery from the metabolic acidosis produced by exercise was much more rapid (10 times) than was recovery from the acidosis produced by ammonium chloride.
After exercise the pH, returned to normal values more rapidly than did the bicarbonate content of the serum.
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